Effective regulation of the hypothalamic-pituitary-adrenal axis (HPA-axis) has been linked to numerous health outcomes. Within-person variation in diurnal measures of HPA-axis regulation assessed over days, months, and years can range between 50-73% of total variation. In this study of 59 youth (ages 8-13), we quantified the stability of the cortisol awakening response (CAR), the diurnal slope, and tonic cortisol concentrations at waking and bedtime across 8 days (2 sets of 4 consecutive days separated by 3 weeks), 3 weeks, and 3 years. We then compared the stability of these indices across three key developmental factors: age, pubertal status, and sex. Youth provided 4 saliva samples per day (waking, 30 min post-waking, before dinner, and before bedtime) for 4 consecutive days during the 3rd week of an ongoing 8-week daily diary study. Youth repeated this same sampling procedure 3 weeks and 3 years later. Using multi-level modeling, we computed the amount of variance in diurnal HPA-axis regulation that was accounted for by nesting an individual's diurnal cortisol indices within days, weeks, or years. Across days, diurnal slope was the most stable index, whereas waking cortisol and CAR were the least stable. All indices except bedtime cortisol were similarly stable when measured across weeks, and all indices were uniformly stable when measured across 3 years. Boys, younger participants, and youth earlier in their pubertal development at study enrollment exhibited greater HPA-axis stability overall compared with females and older, more physically mature participants. We conclude that important within-and between-subjects questions can be answered about health and human development by studying HPA-axis regulation, and selection of the index of interest should be determined in part by its psychometric characteristics. To this end, we propose a decision tree to guide study design for research in pediatric samples by longitudinal timeframe and sample characteristics.
Introduction
Salivary indices of diurnal HPA-axis regulation have been used for the past two decades to better understand human development (Gunnar and Quevedo, 2007; Gunnar and Donzella, 2002) and the neurobiological underpinnings of health and disease (McEwen, 2013; Pariante and Lightman, 2008) . More recently, HPA-axis indices have emerged as a useful indicator of intervention effectiveness in targeted high-risk groups (Slopen et al., 2014) . These HPA-axis indices are most commonly measured through salivary cortisol, which is cost effective and amenable to collection in almost any setting (Saxbe, 2008 ). Yet, up to 50% of variability in diurnal indices of HPA-axis functioning can be attributed to day-to-day changes in mood, sleep, diet, sampling error, and other factors (Ross et al., 2014; Segerstrom et al., 2014) . Some indices are more stable over time than others (e.g., diurnal slope appears to be more stable than CAR) (Doane et al., 2015; Shirtcliff et al., 2012) and are therefore more appropriate for between-subjects hypothesis testing while other indices may be better suited to within-subjects hypothesis testing. The purpose of this study was to determine the stability of these different indices of diurnal cortisol regulation across days, weeks, and years in a well-characterized, longitudinal sample of youth, and to examine the roles of age, pubertal status, and sex in the stability of these indices. The results have the potential to inform study design decisions for investigators interested in optimizing for within-or between-subject variability when integrating salivary measures of diurnal HPA-axis regulation in longitudinal studies of varying lengths of time.
Much research using diurnal HPA-axis measures to date has been conducted in the context of understanding the links between health and disease. To this end, investigators have focused largely on determining how well-established health-relevant risk factors are associated with differences in trait-like indices of HPA-axis regulation (Bower et al., 2005; Cohen et al., 2006; Doane et al., 2015 Doane et al., , 2013 Kuhlman et al., 2015) . Another line of research has pursued insight into within-person sensitivity to short-term changes in life stress, mood, and social interactions (Adam et al., 2006; Almeida et al., 2009; Bai et al., 2017; Kuhlman et al., 2018 Kuhlman et al., , 2016 Kuhlman et al., , 2016 . Further, the importance of investigating the effects of psychosocial interventions on biological processes is promising (Rauch et al., 2017; Slopen et al., 2014) and growing (Zalta and Shankman, 2016) . Integrating diurnal measures of HPA-axis functioning into intervention studies will necessitate sensitive measures of both within-subject and between-group differences. Thus, trait-like and state-like indices of diurnal HPA-axis functioning have value in our pursuit of the social, environmental, and psychological factors that influence health and development. Yet, the vast majority of studies operationalize diurnal HPA-axis functioning in the same way, regardless of the within-or between-subject nature of the research questions. This is, in part, due to lack of clarity about the appropriateness of different HPA-axis indices for capturing within-and between-subject effects.
There are several ways to measure functioning of the HPA-axis that offer unique insight into the daily regulation of the HPA-axis, with the vast majority of studies today measuring cortisol assayed from saliva. Cortisol concentrations are relatively high in the morning, exhibit a dramatic increase within one hour of waking, and decline throughout the day. While some studies have identified cortisol concentrations at specific times of day that may be relevant to health (Goodyer et al., 2000; Kirschbaum et al., 1990) , indices computed from multiple samples in a day, across multiple days, are currently the standard in the field (Adam and Kumari, 2009) . The most common of these computed indices are cortisol awakening response (CAR) and the diurnal slope. CAR is the magnitude of cortisol increase that occurs immediately upon waking, is thought to index adrenal sensitivity to adrenocorticotropic hormone (Clow et al., 2010) , and appears to be sensitive to short-term changes in the social environment (Adam et al., 2006; Chida and Steptoe, 2009 ). Importantly, CAR has emerged as a reliable prospective predictor of depression (Adam et al., 2010; Kuhlman et al., 2017b; Vrshek-Schallhorn et al., 2013) . The diurnal slope is used to capture the circadian down-regulation of cortisol from waking to bedtime. Individuals with different health conditions and poor prognoses also tend to lack a steady decline in cortisol throughout the day (Bower et al., 2005; Schrepf et al., 2015; Sephton et al., 2013 Sephton et al., , 2000 . There are two common approaches to calculating diurnal slope. One approach regresses sampling time on all available cortisol measurements that day to yield an estimated slope of change across the day (See Bower et al., 2005; DeSantis et al., 2007; Doane et al., 2013; Ross et al., 2014 for examples using this method). However, daily experiences such as stress, exercise, and diet can contribute to variability in slopes that are distinct from the circadian rhythm. For this reason, another common approach to computing the diurnal slope is to subtract the cortisol concentration at waking from the cortisol concentration at bedtime, and divide that value by the number of hours between waking and bedtime (Hoyt et al., 2016; Kuhlman et al., 2017b Kuhlman et al., , 2016 . Each of these indices and their computation likely represent different underlying neurobiological processes, and therefore may be differentially sensitive to changes in an individual's life over time. The present study sought to determine the stability of different diurnal HPA-axis indices in order to provide clarity on which index can be used to optimally address within-subjects versus between-subjects research questions in pediatric samples while also balancing scientific ambitions with participant burden.
Several seminal papers have considered aspects of this issue, although they have largely focused on identifying the best trait measure of individual differences in diurnal HPA-axis regulation. Cortisol concentrations at waking and at 30 min after waking appear to be useful as trait-like indicators of individual differences in diurnal HPA-axis regulation (Doane et al., 2015; Kirschbaum et al., 1990) . In a seminal study, 357 youth were followed from age 9 to age 15 to determine a trait measure of diurnal cortisol regulation that models all samples across the day simultaneously (Shirtcliff et al., 2012) . The investigators determined that while 13% of the variation in cortisol levels was due to trait-like factors, the circadian rhythm of cortisol was 72% trait-like across the transition from childhood to adolescence (Shirtcliff et al., 2012) . For comparison, in personality research, "trait-like" self-report measures demonstrate stability coefficients of .41 and higher, with stability lower in childhood than any other developmental phase and stability higher across shorter timeframes (e.g., days and weeks versus years) (Caspi et al., 2005; Roberts and DelVecchio, 2000) . Additionally, Ross et al. (2014) compared the stability of multiple diurnal HPA-axis indices (CAR, total cortisol across the day (AUC), and diurnal slope) using data from three samples that ranged from childhood to middle adulthood with cortisol assessed multiple times for up to two years. They concluded that diurnal cortisol indices have some trait-like properties, but that diurnal HPA-axis indices are better indicators of short-term (day-to-day), rather than long-term (months and years), stress and health processes (Ross et al., 2014) . Shirtcliff et al. (2012) also showed that gender and development played important roles in the maturation of the HPA-axis (Shirtcliff et al., 2012) . Specifically, females had higher cortisol and steeper circadian rhythms than males, and adolescents had lower cortisol concentrations in the morning and higher concentrations in the evening compared to concentrations when they were 9 years old (Shirtcliff et al., 2012) . Importantly, these developmental changes were attributable to age rather than puberty (Shirtcliff et al., 2012) .
Taken together, the studies cited here indicate that there are HPA-axis indices that can be used as trait measures of underlying neurobiological development and health over multiple years (e.g., circadian rhythm or diurnal slope) while others are more state-like (e.g., CAR) and better suited to assessing an individual's response to short-term changes in the environment across days and weeks. Yet, to our knowledge, no guidelines exist for selecting diurnal indices of HPA-axis regulation based on differences in measure stability. This paper approaches the question of stability by assessing the extent to which within-person variance contributes to total variability in waking cortisol, CAR, the diurnal slope, and bedtime cortisol in a sample of youth across three different timeframes: days, weeks, and years. Further, we will characterize how the different stability estimates vary according to three developmental factors: age, pubertal status, and sex.
Method

Participants
Participants in the present study were part of a study of the daily lives of children (8-13 years) and their families across an initial 8 week daily diary assessment period and a 3 year follow-up assessment (Reynolds et al., 2015; Robles et al., 2013) . Participants were recruited from public schools, pediatric clinics, community centers, newspaper advertisements, and direct mailings between 2009 and 2012. A total of 59 youth enrolled in the study (47 target children and 12 siblings). Families were eligible for the study if they were currently living in two-parent households, with at least one biological parent willing to participate. Participants were excluded for medical conditions or use of medications known to confound endocrine functioning, including chronic lung conditions (e.g., asthma), endocrine disorders (e.g., Cushing disease), metabolic disease, immunodeficiency, and heart disease or chronic heart conditions. Median personal income reported by parents in this study was within the $31,850 to $82,400 tax bracket, and 57% of mothers (59% of fathers) attained at least a bachelor's degree or higher. Youth were 46.8% non-Hispanic white, 23.4% Latino/ Hispanic, 23.4% African-American, 4.3% Asian, and 2.1% "Other". Of the initial 59 youth, 67.8% (n = 40) participated in the follow-up study. There were no significant differences in pubertal status, F(1,57) = 0.15, p = .70, age, F(1,57) = 0.57, p = .45, sex, χ 2 = 1.43, p = .23, or ethnic group, χ 2 = 1.88, p = .76, between youth who did and did not return for the follow-up study.
Procedures
This study was approved by the UCLA Institutional Review Board; parents provided written consent to study procedures, and youth provided assent. For 8 weeks, participating youth provided daily diary reports of physical symptoms, social interactions, mood, and other psychosocial factors. During the 3 rd and 6 th week of this diary phase, participants provided saliva samples. Three years after the 8-week daily diary phase, youth were invited to participate in a follow-up study. See Fig. 1 for data collection procedures.
Measures
Diurnal HPA-axis functioning
During a home visit a research assistant provided training on saliva sample collection procedures. Participants were given twist-cap bottles containing 4-inch straws to aid the passive acquisition of drool. Participants were instructed to record the time of each sample in a paper diary using a programmed electronic time stamper. All participants were informed that their compliance with saliva collection instructions would be monitored with electronic monitoring devices, and MEMS caps were used for a subset of participants (29%) to assess adherence to sampling instructions. Participants were instructed to store completed saliva samples in the freezer until retrieved by study staff and stored at −20°C in the lab. Saliva samples were collected by participants via passive drool four times per day: upon waking, 30 min after waking, before dinner, and at bedtime. Saliva collection occurred for 4 consecutive days in each sampling period on Saturdays through Tuesdays. These sampling phases occurred in week 3 and 6 of the 8 week daily diary phase, and during the 3-year follow-up assessment. Thus, each youth had the opportunity to provide 32 samples if they did not participate in the follow-up study and 48 samples if they did. Compliance with saliva sample completion was high. Of 2,528 total possible saliva samples, 87.2% (2,204 samples) were returned for analysis. On average, participants provided 42.56 samples (SD = 7.50) and the minimum number of samples any participant provided was 30. Fidelity to the sample timing instructions was defined as < 30 min difference between the electronic time stamp on the paper recording form and the MEMS cap time record. Fidelity for this sample was 97.6%.
Saliva samples were frozen after collection and shipped on dry ice to the TUD Biopsychology Laboratory in Dresden, Germany directed by Dr. Clemens Kirschbaum. Cortisol concentrations were measured using a commercially available enzyme immunoassay. All samples from the same person were assayed on the same plate (50 µl saliva required; minimum detection limit <.003 µg/dL, mean intra-and interassay coefficients of variance (CV) below 10%).
Age, pubertal status, and sex
Mothers provided participant age and sex as part of the baseline enrollment questionnaires. Mothers completed the Pubertal Development Scale (PDS) (Petersen et al., 1988) in terms of growth spurt, skin changes, and facial/body hair growth. For sons, mothers reported on voice changes. For daughters, mothers reported on breast growth and menstruation. Responses on the 4-point scale (1 = "has not yet begun," 2 = "has barely begun," 3 = "has definitely begun," 4 = "has been completed") were averaged. The PDS is a valid and reliable measure that correlates with physician reports of pubertal development (Dorn and Biro, 2011) . Reliability for the mother-reported PDS within our sample was good, α = .81.
Data analysis
All analyses were conducted using SPSS version 24. All variables were examined for normality and heteroscedasticity. There were 2,204 salivary cortisol samples included in these analyses, M cortisol = 11.60, SD cortisol = 14.34, in a distribution that was skewed and kurtotic, skewness = 6.76, kurtosis = 120.38. There were 9 samples with extreme high values, 6 of which were the 30-minute post-waking sample. We winsorized these to 4 standard deviations from the mean which brought skew and kurtosis within acceptable ranges, skewness = 1.67, kurtosis = 3.56. The mean cortisol concentration across these 2,204 samples after winsorizing the 9 extreme values was 11.39 nmol/L, SD = 11.99. All saliva sampling times were recoded in reference to the participant's reported waking time on the sampling day. On days where a waking sample was not taken (n = 31 days across all participants and days), the time of waking was imputed from that participant's average waking time on sampling days within that sampling week. Hours since waking was then computed by subtracting the waking sample time from any given sample time on the same day.
Using linear mixed models, we examined predictors of cortisol concentrations as a function of time since waking in 5 models with outcomes that reflected 1) cortisol at waking, 2) CAR, 3) the diurnal slope using waking, afternoon, and bedtime samples, 4) the diurnal slope using only waking and bedtime samples, and 5) cortisol concentrations at bedtime. In an effort to hold the total variance across models somewhat consistent, each model included 8 saliva sampling days. Cortisol at waking was modeled using only waking samples as a function of the time of waking. CAR was estimated as the linear change in cortisol from waking to 30 min post-waking as a function of the minutes between waking and the second sample. This two-sample CAR assessment is consistent with the expert consensus guidelines in pediatric popula Fig. 1 . Study procedure timeline and days included in models assessing stability over days, weeks, and years. Kuhlman et al. Psychoneuroendocrinology xxx (2018) xxx-xxx tions (Stalder et al., 2016) . Diurnal slope using three samples (diurnal slope 3) was estimated as the linear change in cortisol concentration across the day as a function of the time each sample was provided (waking, afternoon, and bedtime) and waking that day. Diurnal slope using only two samples was estimated using the linear change in cortisol concentrations across the day as a function of the hours between waking and the bedtime sample (diurnal slope 2). Cortisol at bedtime was modeled using only bedtime samples as a function of the time of the bedtime sample. Models of each of these indices over days, weeks, and years used data from 8 sampling days. For models used to estimate stability over days, cortisol concentrations obtained on the 1 st 8 sampling days were nested within days within participants (See Fig. 1 for sampling procedures). For models used to estimate stability over weeks, cortisol concentrations obtained on the 1 st 8 sampling days were nested within weeks within participants (4 days in one week and 4 days in a second week, three weeks later). Models estimating stability across years used data from the subsample of participants who returned for the follow-up study. Their cortisol values on the 1 st 4 days in the initial data collection and on the 4 sampling days at the follow-up (three years later) were nested within years within participants.
We then ran each of the above models stratified by age (mean split), sex, and mother-reported pubertal status at study enrollment (mean split) to determine the role of each of these factors in the stability of each diurnal cortisol index.
The purpose of our analyses was to estimate the stability of each index of HPA-axis functioning across different epochs of time (i.e., days, weeks, years). We computed intra-class coefficients (ICCs) by dividing the variance remaining after nesting samples within epochs and individuals (σ Between + ε ) by the total variance in the model +
The resulting value can range from 0 to 1, with a lower ratio indicating that a greater proportion of the total variance is due to variability within individuals. Thus, for any cortisol index, a lower ICC indicates greater instability, and a higher ICC indicates more stability, across a particular timeframe (days, weeks, or years). We then computed 95% confidence intervals (95%CI) for each ICC in order to determine whether the stability of two models reliably differ from one another using the prop.test approach in R (Newcombe, 1998a (Newcombe, , 1998b Wilson, 1927) . Confidence intervals were computed according to the following formula such that = ICC, z = 1.96, and n = σ Between + ε + σ Within + ε :
If the confidence intervals for two model ICCs do not overlap, it can be inferred with 95% confidence that they are reliably different.
Results
Diurnal cortisol exhibited a typical regulatory profile across all samples in this study. Individuals had more elevated cortisol in the morning at waking than at bedtime and demonstrated a significant increase in cortisol in the 30 min after waking, b = 3.30, SE = 0.90, p < .001. See Table 1 for sample characteristics and each diurnal cortisol index at the initial wave of data collection and the 3-year follow-up. Fig. 2 illustrates the stability estimates (ICCs) and 95%CI for each diurnal cortisol index over days, weeks, and years. Table S1 presents the variance components and 95%CI for each model. Daily stability in the diurnal cortisol indices ranged from ICC = .46 to .77. Within-subject variability accounted for approximately 50% of the total variance in cortisol at waking, bedtime, and CAR, but less than 30% of the total variance in both approaches to computing diurnal slope. Indeed, both of the diurnal slope estimates were significantly more stable than waking, CAR, or bedtime cortisol. Thus day-level variance in diurnal HPA-axis function may be more detectable in waking, bedtime, and CAR indices; diurnal slope may be less sensitive to factors that change from day-to-day.
Stability of diurnal cortisol indices across days
Female participants exhibited higher day-to-day stability of the 3 sample diurnal slope compared to males. There were no significant differences in day-to-day stability of any of our HPA-axis indices by age, or pubertal status. See Table 2 for ICCs by pubertal status, sex, and age across days. See Table S2 -4 for the variance components and 95%CI for each model by age, pubertal status, and sex.
Stability of diurnal cortisol indices across weeks
When looking at variance at the week level (saliva collected during one week and then another 3 weeks later), the range in stability was almost identical to the range at the day level: from .46 (bedtime cortisol) to .76 (diurnal slope computed with 2 samples). Within-subject variability across weeks accounted for less than 50% of the total variance in bedtime cortisol, but less than 1/3 of the total variance in waking cortisol, both approaches to diurnal slope, and CAR. Bedtime cortisol was the most sensitive index to week-to-week variability, whereas the other HPA indices were relatively stable. However, the only statistically significant difference in stability was between diurnal slope (both approaches) and bedtime cortisol. Kuhlman et al. Psychoneuroendocrinology xxx (2018) The week-level stability of the diurnal cortisol indices (measured over the span of 3 weeks using 8 sampling days) varied significantly by participant pubertal status and sex, but not age. See Table 2 for ICCs by pubertal status, sex, and age across weeks. Specifically, female participants exhibited less stable waking cortisol and CAR than male participants. The effect of more advanced pubertal development paralleled the effect of being female. Participants who, at study enrollment, were ahead of their peers' pubertal development exhibited significantly less stable waking cortisol and CAR than did participants who were still pre-pubertal at study enrollment. There were no significant differences in stability of diurnal slope or bedtime cortisol by age, pubertal status, or sex.
Stability of diurnal cortisol indices across years
Models estimating stability across years were based on data from the subsample of participants who returned for the Time 2 follow-up study. Their cortisol values on the 1 st 4 days at Time 1 and on the 4 sampling days at Time 2 (three years later) were nested within years within participants. At the year level, diurnal cortisol indices ranged in stability (ICCs) from .65 (waking cortisol) to .78 (diurnal slope 2). Notably, less than 40% of variance in all of the diurnal HPA-axis indices was accounted for by within-subject variability across years, and no indices were significantly more or less stable than the others. Thus, over the span of years, diurnal HPA-axis regulation varies more between individuals than within individuals, even across early adolescence.
The stability of these diurnal cortisol indices measured over the span of 3 years using 8 sampling days varied significantly by participant pubertal status, age, and sex. See Table 2 . Specifically, participants older than 11 at study enrollment exhibited significantly less stable waking and CAR values than participants age 11 or younger at enrollment. Similarly, participants whose mothers reported that their child was further along in pubertal development at study enrollment exhibited significantly less stable waking cortisol and CAR across years than peers reported to be earlier in pubertal development. Finally, male participants exhibited more stable waking cortisol and CAR values than female participants. There were no significant differences in the stability of diurnal slope or bedtime cortisol by any of the 3 grouping variables we examined.
Discussion
Consistent with previous studies (Platje et al., 2013; Ross et al., 2014; Shirtcliff et al., 2012) , diurnal indices of HPA-axis functioning in this sample exhibited a high degree of variability within individuals over time. Overall, diurnal cortisol indices appeared to be more consistently stable as sampling took place over longer periods of time, suggesting that the greatest source of within-subject variability is day-to-day, not necessarily across longer phases of important human development. Diurnal slope, independent of how it was calculated, was the most stable index across all timeframes and therefore may be useful when understanding how stable individual differences in HPA-axis functioning relate to health, development, and behavior. In comparison, over short periods of time CAR, waking, and bedtime cortisol were most variable within participants, and therefore may be more useful in studies investigating the impact of recent changes in the environment or behavior on functioning of the HPA-axis. Further, these stability indices varied meaningfully by age, pubertal status, and sex at the time of study enrollment.
Based on our results, the most commonly computed indices of HPA-axis functioning are quite vulnerable to instability within individuals across time. Thus, studies testing between-subjects research questions using these indices may be more susceptible to type I error, such as a study exploring differences in diurnal HPA-axis regulation between individuals exposed to high or low daily stress. Indeed, the well-documented day-to-day variability in HPA-axis regulation as measured by salivary cortisol has inspired a great deal of discourse on this possibility (Boggero et al., 2017; Segerstrom et al., 2014) . As a result, the recommended sample size and number of sampling days for studies of diurnal cortisol functioning continue to grow. Unfortunately, this undermines the value of salivary HPA-axis measures as cost-effective and feasible across research, clinical, and community settings. Instead, we argue that a more nuanced approach can be taken to selecting diurnal HPA-axis measures. For example, the most stable measures of HPA-axis function are ideal for testing questions of how individual differences in the tonic functioning of this biological stress response system predict health outcomes or moderate treatment responses. Fig. 3 depicts a decision tree that aims to guide researchers to useful diurnal HPA-axis indices based on their research questions, study design, and sample characteristics. To illustrate, a randomized controlled trial (RCT) of a 12-week intervention may effectively use diurnal slope, a relatively trait-like measure of HPA-axis functioning, to determine the effect of their intervention on trait functioning of a key neurobiological system linking stress to health. However, due to their stability, these indices may not be sensitive enough to detect the influence of short-term, daily changes in the social or physical environment that have been so crucial to our growing understanding of biopsychosocial processes. That same RCT, may also look at within-person changes in bedtime cortisol from pre-to post-intervention to detect whether the intervention influenced a more sensitive and relatively state-like index of diurnal cortisol regulation. Relatively unstable measures, in comparison, demonstrate enough variability to invite the interrogation of other influences on HPA-axis functioning, such as fluctuations in health and health behaviors, changes in social relationships, systematic measurement error, and random error over short timeframes. Given that some diurnal HPA-axis indices, namely CAR and diurnal slope, have been prospectively linked to important health out Kuhlman et al. Psychoneuroendocrinology xxx (2018) xxx-xxx Table 2 Intraclass correlation coefficients (ICC) of diurnal cortisol indices across days, weeks, and years by age, pubertal status, and sex.
Note: Darker shading indicates higher stability. Diurnal slope 3 = diurnal cortisol slope computed using waking, afternoon, and bedtime samples. Diurnal slope 2 = diurnal cortisol slope computed using waking and bedtime saliva samples. comes like depression (Adam et al., 2010; Kuhlman et al., 2017b; Vrshek-Schallhorn et al., 2013) and mortality in cancer patients (Schrepf et al., 2015; Sephton et al., 2013 Sephton et al., , 2000 , adoption of intensive repeated measures approaches to better understand predictors of their within-subject variability are particularly important. It should be noted that this decision tree is preliminary and warrants validation and further iterations with data from samples that vary in age, demographics, health status, as well as studies that vary in experimental design. Further, more research is needed to understand how highly variable indices contribute to changes in more stable indices of HPA-axis regulation over time.
A strength of this study was the age of the sample (ages 8-13 years) and timing of the 3 year follow-up that co-occurred with important aspects of social and physical development. There were different psycho metrically optimal HPA-axis indices depending on sex, age (younger or older than 11 years), and pubertal status (less than or equal to a score of 2 on the mother-reported PDS). Most notably, cortisol concentrations in the morning were more stable across weeks and years in younger participants, boys, and those who were earlier in pubertal development at study enrollment. Age was only associated with differences in diurnal cortisol stability when sampling occasions were separated by years, such that participants 11 or younger exhibited more stable waking cortisol and CAR. The ages 11-12 represent a common transition to middle school in the United States. This transition involves an often stressful shift in school experiences to that of multiple teachers and classrooms throughout the day, and a growing social network of same-aged peers (Eccles et al., 1993) . Thus, instability of morning cortisol over longer periods of assessment may reflect devel Kuhlman et al. Psychoneuroendocrinology xxx (2018) xxx-xxx opmental changes in exposure to these types of social stressors. With respect to pubertal development, a mean-split at a score of 2 on the PDS reflects one group that is homogenous for the physical changes associated with puberty "barely" beginning, and one group that is homogenous for the physical changes associated with puberty that have "definitely" begun or have been completed. We found that across weeks and years, youth who began in the earlier stages of pubertal development exhibited more stable waking and CAR indices. Pubertal development is a time of neural and neuroendocrine reorganization (Kuhlman et al., 2017a; Romeo, 2010; Romeo et al., 2014 Romeo et al., , 2006 . Thus instability in the more advanced group of participants may reflect changes in the functioning of the axis that occur during and after puberty. Of course, age and pubertal development are difficult to disentangle in this age group. Before age 11, only 10% of girls have reached menarche (Chumlea et al., 2003) , thus we expect that the younger age group is fairly homogenous in that their pubertal development has not yet begun or is barely underway. One previous study showed similar patterns of instability that were driven largely by age, rather than pubertal status (Shirtcliff et al., 2012) . However, given that differences in stability emerged across weeks and years when split by pubertal timing, and only emerged across years for age, pubertal status measures may be a more sensitive measure of these developmental changes compared to age, regardless of their cause. Finally, we observed that girls had more stable diurnal slopes across days, but that boys exhibited more stable waking and CAR indices across weeks and years. More than anything, these observations underscore the importance of either controlling for sex or stratifying analyses by sex for these indices in similarly aged samples. Of particular note, the developmentally-based group differences in HPA-axis regulation over weeks and years were limited to two indices: waking and CAR. This raises the possibility that the instability of diurnal HPA-axis functioning in these groups is a consequence of sleep or the well-established barriers to sleep that occur in adolescence (Carskadon, 2011; Hagenauer and Lee, 2013) .
The results of this study should be interpreted in the context of its strengths and limitations. First, this was a study of 2,204 salivary cortisol samples taken from a relatively small sample of youth (ages 8-13 at enrollment) 3 weeks, 6 weeks, and 3 years into a longitudinal study of diverse, middle-class, urban-dwelling families. Thus, these results of this study may not generalize to samples in different phases of the human lifespan or living under different social or physical conditions. Further, only 40 youth completed the 3 year longitudinal follow-up and therefore results with respect to stability across years may be less reliable than those across days and weeks. With respect to our results related to age, pubertal status, and sex, it is important to note that we did not test these factors as moderators, but rather stability of HPA-axis indices in models homogenous for these factors. These findings should therefore be considered hypothesis-generating, rather than conclusive. Our approach in the present analyses and their subsequent interpretation inherently prioritized stability of an index over the unique underlying neurobiological processes it reflects. Certainly, in any investigation the theoretical interest in a particular aspect of HPA-axis functioning must be balanced against the psychometric characteristics of the HPA-axis index for that study design or sample. Both considerations are important and our analysis is relevant to the latter. In particular, quantifying the estimated stability of an HPA-axis index of interest can inform power analyses and sample size decisions that minimize the risk of both type I and type II error. Finally, the lack of predictors in our models leaves us without guidance on how much of the between-vs. within-subject variance in each model was due to specific sources of error, such as variability in participant compliance, relative to random, unidentifiable sources of error variance. This is particularly relevant to samples collected in relation to waking which exhibited relatively low day-to-day stability and are highly susceptible to error due to the potential delay between actual waking and sample collection (Stalder et al., 2016) . As these findings begin to be tested in different studies, attention to the error variance and contributors of error variance for each diurnal cortisol index over time will be critical to our understanding and the methodological rigor of our field.
A number of recommendations exist to guide researchers assessing diurnal HPA-axis functioning. These recommendations often include collection of more samples within a day, sampling across more consecutive days, and testing questions in larger sample sizes (Boggero et al., 2017; Segerstrom et al., 2014; Stalder et al., 2016) . Yet, careful interrogation of sampling procedures show that more frequent sampling is not always necessary (Hoyt et al., 2016) , particularly when investigating factors that contribute to the within-person variability of HPA-axis regulation. Our paper provides researchers interested in diurnal HPA-axis regulation in youth with additional guidance regarding the maximization of within-or between-subject variability over different timeframes.
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